Objective: Vascular endothelial growth factor (VEGF) exists in three main splice variants, characterized by 121, 165 and 189 amino acids (VEGF 121, VEGF 165 and VEGF 189) and acts via two specific receptors: VEGF-R1 or Flt-1 and VEGF-R2 or KDR. VEGF plays an important role in the pathogenesis of diabetic retinopathy. This study examined the relationship between VEGF and its isoforms and the severity of diabetic nephropathy in type 2 diabetes. Design: We evaluated the glomerular gene expression of VEGF and its receptors and studied the relationships with renal functional and structural parameters in type 2 diabetic patients. Methods: Glomeruli from 17 kidney biopsies were microdissected; 14 out of 17 biopsies were also subjected to electron microscopic morphometric analysis to estimate glomerular structural parameters. VEGF mRNA was studied by comparative kinetic RT-PCR and real-time RT-PCR in order to identify the three different isoforms and to quantify VEGF, VEGF-R1 and VEGF-R2 mRNA levels. Results: (i) Glomerular VEGF mRNA levels were inversely related to albumin excretion rate (r ¼ 2 0.66, P ¼ 0.004); (ii) both the degree of mesangial and mesangial matrix expansion were inversely related to VEGF 165 mRNA levels (r ¼ 20.73, P ¼ 0.005 and r ¼ 20.64, P ¼ 0.017), and directly to VEGF 121 mRNA levels (r ¼ 0.74, P ¼ 0.003 and r ¼ 0.73, P ¼ 0.004); and (iii) VEGF and VEGF-R2 mRNA levels were directly related (r ¼ 0.62, P ¼ 0.033). Conclusions: These findings suggested that quantitative and qualitative changes in VEGF expression are present in type 2 diabetic patients with nephropathy and might be involved in the pathogenesis and progression of diabetic glomerulopathy.
Introduction
Vascular endothelial growth factor (VEGF) is a potent mitogen and chemoattractant for endothelial cells and a key modulator of vasculogenesis and angiogenesis in physiological and pathological conditions (1) . It also acts as a vascular permeability factor, increasing microvascular permeability (1) .
VEGF is a dimeric glycoprotein synthesized and secreted by epithelial, mesenchymal and tumoral cells. Several isoforms, deriving from alternative splicing of the VEGF gene, have been identified in different organs and the three main splice variants are characterized by 121, 165 and 189 amino acids (VEGF 121, VEGF 165 and VEGF 189 respectively) (2, 3) . The physiological significance of the different VEGF isoforms is essentially unknown although experimental findings suggest that VEGF 121 and VEGF 165 isoforms may have distinctive activities at the renal level (4 -7). The various VEGF isoforms bind to two tyrosine kinase receptors expressed by endothelial cells: VEGF receptor 1 (VEGF-R1; Flt-1), which seems important in regulating endothelial cell -cell and cell -matrix interactions (8, 9) and VEGF receptor 2 (VEGF-R2; KDR) which mediates the mitogenic and chemoattractant actions of VEGF (10 -12) .
The three main splice variants of VEGF are constitutively expressed in normal kidneys, mostly in the glomeruli by podocytes, but also in the tubulo-interstitium by tubular cells and in medulla by collecting duct cells (13 -15) . Recently, two additional isoforms have been identified in human glomeruli: VEGF 145 and VEGF 148 (16) . In the normal kidney, VEGF 165 is expressed at the same or at a higher level than the VEGF 121 isoform (14, 15) , both VEGF-R2 and VEGF-R1 are expressed in glomerular endothelial cells (17) and VEGF-R1 constitutes 60% of VEGF receptors (18) . Moreover, a soluble form of VEGF-R1 receptor (sFlt-1) has been demonstrated in normal human glomeruli (16, 19) .
During fetal life VEGF plays a pivotal role in glomerulogenesis and tubulogenesis (20, 21) but the function of VEGF within the adult kidney is unknown. It has been hypothesized that VEGF expression within podocytes influences glomerular endothelial structure, function and permeability (17, 18) .
The expression of VEGF in the kidney has been studied recently (22) but its role in renal physiology and pathology is still unclear. There is evidence that glomerular VEGF deficiency or VEGF 165 overexpression causes glomerular lesions such as those observed in acquired renal deseases in the 2.5-week-old mouse (22) . Recent findings suggest that, in the kidney, VEGF exerts an action on endothelial integrity that differs from its mitogenic and angiogenic effects. Finally, VEGF has been defined as a survival factor, acting as an anti-apoptotic agent for endothelial cells (23, 24) . As a consequence, some authors have speculated that, in normal conditions, VEGF secretion by podocytes and its binding to VEGF receptors on glomerular endothelial cells may act as a paracrine regulatory mechanism, necessary for the integrity and normal function of the glomerular endothelium (13, 14, 17, 22) . This hypothesis suggests that, in glomerular diseases, alterations in VEGF expression may exist, either as a rescue or reparative mechanism or as a pathological consequence. Because of the activity of VEGF, these alterations might lead to impairment of glomerular function and permeability. In particular, VEGF actions on endothelium and capillary permeability and its vasoactive effects suggest that it could play a critical role in diabetic nephropathy (17, 18) , as observed in diabetic retinopathy (25 -28) . However, evidence implicating VEGF in diabetic glomerulopathy is poor, and the precise role of VEGF in human diabetic nephropathy is still undetermined (25, 29) .
To date, only a few studies have explored the expression of VEGF in the glomeruli of diabetic patients with nephropathy: VEGF, both at mRNA and protein level, has been demonstrated to be decreased in sclerotic areas and in Kimmelstiel -Wilson nodules in patients with advanced stages of disease (30 -32) . More recently, it has been shown that VEGF protein was increased in the glomeruli of patients with early diabetic nephropathy (33) . These studies, however, do not provide quantitative data on VEGF gene expression or the expression pattern of the VEGF isoforms. Moreover, quantitative data on the degree of renal lesions have not been reported; thus, the relationship between intraglomerular VEGF expression and the degree of glomerular injury remains unknown.
The aims of this study were to evaluate glomerular expression of VEGF and VEGF receptors and to study the relationships between VEGF gene expression and renal functional and structural parameters in type 2 diabetic patients. To this end, VEGF, VEGF-R1 and VEGF-R2 mRNAs were quantified and the expression pattern of VEGF isoforms was analysed in microdissected glomeruli of type 2 diabetic patients with various degrees of diabetic nephropathy.
Materials and methods
Seventeen type 2 diabetic patients were studied. Inclusion criteria were: (i) age less than 75 years; (ii) age at diagnosis of type 2 diabetes more than 40 years; (iii) known duration of diabetes of at least 2 years; (iv) serum creatinine less than 220 mmol/l; (v) absence of other renal diseases, as defined by clinical and biochemical parameters and by light, electron and immunofluorescence microscopic studies; (vi) no secondary forms of hypertension; and (vii) micro-(albumin excretion rate (AER) 20 -200 mg/min) or macroalbuminuria (AER . 200 mg/min).
After admission, patients underwent at least three 24 h urine collections for measurement of AER by immunoturbidimetric assay. Glomerular filtration rate (GFR) was determined by plasma clearance of 51 Cr-EDTA (34) . Glycated hemoglobin (HbA1c) was measured by high-performance liquid chromatography to assess metabolic control. The clinical data of the type 2 diabetic patients are shown in Table 1 . Ten patients were treated with insulin, four with oral agents and insulin and three with oral agents. All patients received angiotensin-converting enzyme (ACE) inhibitors alone (four patients) or associated with other anti-hypertensive agents. Patients underwent percutaneous renal biopsy under ultrasound guidance. Tissue was immediately observed under a dissecting microscope to ensure the presence of an adequate number of glomeruli, and processed for light microscopy and immunofluorescence. Of the 17 kidney biopsies, 14 were available for electron microscopic morphometric analysis (35) to estimate: mesangial fractional volume (Vv(mes/-glom)), i.e. the proportion of the glomerulus occupied by mesangium; mesangial cell (Vv(MC/glom)) and mesangial matrix (Vv(MM/glom)) fractional volumes; and glomerular basement membrane (GBM) width (35) . Twenty-seven normal kidney donors (age 56^10 years, 14 males and 13 females) at the University of Minnesota served as normal controls for the morphometric parameters.
These studies were approved by the ethical committee of the University of Padua and patients gave written informed consent.
Microdissection and RNA extraction
Immediately after biopsy, approximately one-tenth of the specimen was kept in physiological solution containing 100 U RNAse inhibitor (RNAsin) (Applied Biosystems, Foster City, CA, USA) in ice. Four to fifteen glomeruli were isolated under a stereomicroscope (Zeiss, Jena, Germany) and immediatly put into RNAzolB solution (Biotex, Houston, TX, USA). Total RNA was extracted using the RNAzol B method with some minor modifications as previously described (36) .
Reverse transcription (RT)
Total RNA (30 ng) was reverse transcribed in a final volume of 20 ml, in the presence of 5 mmol/l MgCl 2 , 1 mM dNTP, 1 U/ml RNAse inhibitor, 2.5 U/ml MuLV reverse transcriptase (Applied Biosystems) and 2.5 mmol/l random examers (Applied Biosystems) in buffer (50 mmol/l KCl and 10 mM Tris -HCl, pH 8.3).
RT reaction was carried out for 30 min at 42 8C and 5 min at 99 8C in a thermalcycler (M J Research, Watertoun, MA, USA).
Polymerase chain reaction (PCR)
A comparative kinetic RT-PCR approach was used to quantify VEGF, VEGF-R1 and VEGF-R2 mRNAs in each specimen (36) . An aliquot of 1ml RT sample was used to amplify, in different tubes, VEGF, VEGF-R1 and VEGF-R2 genes and the housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (G3PDH; Clontech, Palo Alto, CA, USA) as internal standard. The specific cDNA sequences were amplified using the primers reported in Table 2 . Primers mapping in the region of the VEGF gene common to all isoforms were used to quantify total VEGF mRNA ( Fig. 1) . The amplification was carried out in a final volume of 25 ml containing: MgCl 2 (1.5 mmol/l for VEGF and G3PDH, Table 2 Oligonucleotide primers used to amplify specific mRNAs. RT-PCR analysis revealed that in all samples the internal standard G3PDH was always amplified and a clear signal was visible at 35 cycles. Since the quantity of extracted RNA from glomeruli was very low, it was not possible to analyze RNA integrity by ethidium bromide gel. To this purpose, we applied a previously validated indirect method (36), i.e. the amplification of 986 bp G3PDH. The amplifiability of G3PDH ensured that the RNAs in the samples were not degraded and that the efficiency of the RT reaction was comparable between samples (36). Thus, after determining for each gene in each sample the exponential phase of reaction by kinetic PCR (data not shown), we selected the best cycles in which PCR products should be quantitated: 35 cycles for G3PDH, 31 cycles for VEGF, 33 cycles for VEGF-R2 and 34 cycles for VEGF-R1 (Fig. 2) .
To confirm the validity of our semiquantitative comparative RT-PCR approach, the real-time PCR assay on the light cycler system described by Wellman et al. (37) was used to quantify total VEGF mRNA in six type 2 diabetic patients in which sufficient RNA was available. Regression analysis was used to compare total VEGF mRNA levels obtained by kinetic comparative RT-PCR and by real-time PCR; a significant correlation (r ¼ 0.92, P , 0.05) was observed, confirming that our comparative kinetic RT-PCR approach gives reliable quantitative information.
The different VEGF isoforms were analysed by kinetic RT-PCR using primers spanning the splice sites of VEGF gene ( Fig. 1 and Table 2 ). According to Nicol et al. (15) these primers generate three amplification products of 159, 291 and 363 bp corresponding to VEGF 121, VEGF 165 and VEGF 189 respectively (Fig. 3) . Control negative reactions, without reverse transcriptase, were performed during the cDNA synthesis step in order to exclude genomic contamination.
In a final volume of 25 ml containing 1.5 mmol/l MgCl 2 , 0.2 mmol/l dNTP, 2 U JumpStant Taq DNA polymerase and 0.4 mmol/l primers in 50 mmol/l KCl and 10 mmol/l Tris -HCl, pH 8, cDNA was amplified according to the following conditions: 94 8C for 1 min, 58 8C for 1 min and 72 8C for 1 min. From 34 to 44 amplification cycles, 5 ml PCR was taken for subsequent PAGE analysis every two cycles.
PAGE and densitometric analysis
RT-PCR products were analyzed by PAGE followed by silver staining as previously described (36) . Gel bands were quantified directly in the gel by densitometric analysis using Gel-Pro Analyzer software (Media Cybernetics, Silver Spring, MD, USA). Quantitative analysis of VEGF, VEGF-R1 and VEGF-R2 expression was performed by comparing the ratio of PCR product optical density (OD) generated from target and standard templates (OD target/OD G3PDH), corrected for differences in the molecular weight of the amplicons.
Quantification of VEGF isoforms was provided by the semiquantitative RT-PCR method in which the internal control was the other co-amplified VEGF isoform; thus we determined in each sample the comparative expression of each VEGF isoform as a percentage calculated from the total sum of each isoform OD (38, 39) .
Statistical analysis
Data are expressed as means^S.D. Values for AER, not normally distributed, were logarithmically transformed before analysis and are expressed as median and range. Correlations between variables were assessed using linear regression analysis. Comparison between groups was performed by two-tailed unpaired t-test. Statistical significance level was defined at P , 0.05.
Results
The results of morphometric analysis on glomerular structure are shown in Table 3 : Vv(mes/glom), Vv(MM/glom) and GBM width were significantly increased in diabetic patients compared with controls: Vv(mes/glom) 0.27^0.07 vs 0.19^0.03 (P , 0.01), Vv(MC/glom) 0.07^0.02 vs 0.09^0.03 (not significant), Vv(MM/glom) 0.16^0.06 vs 0.09^0.02 (P , 0.01) and GBM width 471^81 vs 310^38 nm (P , 0.01).
Vv(mes/glom) was directly related to AER (r ¼ 0.71, P ¼ 0.0043) and inversely to GFR (r ¼ 2 0.73, P ¼ 0.003); no correlations between other structural and functional parameters were found.
Total VEGF and its isoforms
PAGE analysis of RT-PCR products in microdissected glomeruli showed the signal corresponding to total VEGF mRNA, as the expected band of 234 bp (Fig. 2A) . The signal was detectable in all samples; in three patients, in whom the band did not allow densitometric analysis, 0.00 was conventionally assigned (patient numbers 10, 12 and 14 in Table 3 ). To obtain data on VEGF isoform expression, we used kinetic RT-PCR, sampling PCR products from 34 to 44 cycles (Fig. 3) . PAGE analysis showed that, at every cycle that was considered, the predominant isoform was VEGF 121, while VEGF 189 was only barely detectable. The distribution of the different isoforms among patients is reported in Table 3 , where the level of expression of each isoform is given as the mean of percentages calculated at every amplification cycle. A strong inverse correlation between VEGF 165 and VEGF 121 isoforms (r ¼ 2 0.86, P ¼ 0.0001) was found. To verify whether the observed inverse relationship of increased shorter and decreased longer VEGF isoform PCR product could not be the result of preferential amplification of shorter amplicons, experiments using different amounts of initial cDNA (30, 100 and 200 ng) were performed. We established that the VEGF isoform pattern was independent of the starting quantity of RNA (data not shown) and of the number of amplification cycles.
There was a significant inverse correlation between total intraglomerular VEGF mRNA level and AER (r ¼ 2 0.66, P ¼ 0.004) (Fig. 4) ; no other significant correlation was found between total VEGF mRNA levels and other functional or structural parameters.
Vv(mes/glom) and Vv(MM/glom) were inversely correlated with the percentage of VEGF 165 (r ¼ 2 0.73, P ¼ 0.005 and r ¼ 2 0.64, P ¼ 0.017 respectively), and directly with the percentage of VEGF 121 (r ¼ 0.74, P ¼ 0.003 and r ¼ 0.73, P ¼ 0.004 respectively) (Fig. 5) .
VEGF receptors (VEGF-R1 and VEGF-R2)
PAGE analysis showed PCR products of the expected size ( Fig. 2B and C, and Table 2 ). Densitometric analysis revealed that mRNA levels were highly variable (range 0-0.76 and 0-1.77 for VEGF-R2 and VEGF-R1 respectively; Table 3 ).
VEGF and VEGF-R2 mRNA levels were directly related (r ¼ 0.62, P ¼ 0.033). In contrast there was no correlation between VEGF and VEGF-R1 and between VEGF-R1 and VEGF-R2 mRNAs. Moreover VEGF-R1 and VEGF-R2 mRNA levels were not related to any functional and structural parameters.
Discussion
The results of the present study suggest that quantitative and qualitative changes in glomerular VEGF expression are present in type 2 diabetic patients with diabetic nephropathy and are related to the degree of albuminuria and mesangial expansion.
In streptozotocin-diabetic rats, conflicting results have been reported; while Gudehithlu et al. (40) demonstrated that in early diabetes glomerular VEGF protein is decreased, other authors have described an increase in VEGF mRNA and protein in glomeruli in short-term diabetic rats (4, 41) . In the db/db mouse, a model of obese type 2 diabetes, Flyvberg et al. (42) have provided indirect evidence on the relevance of VEGF in renal complication. In fact, although data on VEGF expression were not provided, they demonstrated that chronic inhibition of VEGF by anti-VEGF antibodies was associated with an amelioration in albuminuria and diabetic glomerular lesions. In glomeruli of patients in the early phase of diabetic kidney disease, Cha et al. (33) reported increased levels of VEGF protein.
The results of the present study indicate that in type 2 diabetic patients the glomerular content of VEGF mRNA decreases as the AER increases. It is probably true that, as suggested by Flyvberg et al. (42) , VEGF acts by increasing capillary permeability, and it is possible that up-regulation of VEGF contributes to the early Indeed, in glomeruli of diabetic patients with advanced nephropathy, immunohistochemistry and in situ hybridization techniques demonstrated that VEGF expression was decreased in sclerotic areas and in mesangial nodules (32, 33) . Our results are in keeping with these data; in fact the four patients with heavy proteinuria and severe glomerulosclerosis had the lowest levels of VEGF. This is not surprising since, in the advanced stages of diabetic glomerulopathy, the majority of the tuft is occupied by extracellular matrix with a reduction in the number of cells. It is important to remember that the glomerular filtration barrier is a complex structure composed of fenestrated endothelium, GBM and by podocyte foot processes and slit diaphragms, which represent the main size-selective filter barrier in the kidney. In the normal kidney (13, 14) and in early diabetic nephropathy (41) most VEGF is produced by podocytes; in advanced diabetic nephropathy, where a reduction in the number of podocytes has been documented (43) , it can be expected that glomerular VEGF expression is reduced. The findings in previous studies that urinary VEGF excretion increases with the progression of proteinuria may be related to an increase in the production of VEGF by tubular epithelial cells. Another important factor to take into consideration is diabetes duration. Indeed Cooper et al. (41) described a marked increase in gene expression of VEGF and VEGF-R2 in the kidneys of short-term diabetic rats, while the VEGF expression was only moderately increased in long-term diabetic rats, where there was no increase in VEGF-R2 expression.
We are aware that ACE inhibition might reduce VEGF expression (44) and all our patients were treated with ACE inhibitors; however, virtually all patients with type 2 diabetes are hypertensive and it might be dangerous to stop anti-hypertensive therapy. In addition, uncontrolled hypertension may induce mechanical stretch at the glomerular level and increase VEGF expression (45) .
The major finding of our study is that matrix mesangial expansion is associated with a decrease of VEGF 165 mRNA levels with a proportional increase of VEGF 121. Dynamic VEGF isoform shift has been reported in pathological and physiological conditions (46, 47) . It has been reported that, in the normal human kidney, VEGF 165 and VEGF 121 are equally abundant and that their ratio does not change either in glomeruli or total cortex (14) . Indeed, in the diabetic patients with almost normal glomerular structure (patient numbers 4, 5 and 9) comparable levels of the two different isoforms were detected. The strong inverse correlation between VEGF 121 and VEGF 165 mRNA levels and the relationship between each isoform and the severity of mesangial matrix expansion, the crucial lesion of diabetic nephropathy, prompted us to speculate that this pattern of VEGF isoform expression may be relevant to the pathogenesis of diabetic glomerulopathy. Interestingly, data have recently been reported on the effect of hyperglycemia on VEGF and the pathological consequences of this phenomenon (48) . Actually, it has been shown that high glucose hampers epithelial mesenchymal transformation of endocardial cells by reducing myocardial VEGF-A and that this effect is reversed by exogenous VEGF 165 (48) suggesting that diabetes induces a specific VEGF 165 deficiency.
VEGF isoforms differ in their binding affinity to extracellular matrix, the 165 isoform being more avidly bound by extracellular matrix than the 121 one (1). Furthermore, VEGF 165 is a more potent functional ligand of VEGF-R2, and seems to play a major role in adult life (12) It is interesting to note that in this experimental model the main lesion is mesangiolysis, which leads to the formation of glomerular capillary microaneurysms. Similar phenomena occur in diabetic glomerulopathy and seem to be responsible for Kimmelstiel -Wilson nodules. Thus, we hypothesize that, given the reparative role of VEGF 165 (5, 6), a relative reduction of VEGF 165 may play a causative role in the development of diabetic glomerulopathy. On the other hand, mice expressing only the VEGF 121 isoform develop glomerulosclerosis by 6 weeks of age (52) .
We observed a direct correlation between VEGF-R2 and VEGF expression; in view of the role of the VEGF-R2 on endothelial cell mitogenesis (10, 11) and on angiogenesis in the adult (12), this finding suggests the possible existence of a cross-talk, and prompted us to advance the hypothesis that VEGF plays a role in the remodeling of the glomerulus in diabetic nephropathy. VEGF-R1 are important in cell -cell and cellmatrix interactions (8, 9) and thus may be important regulators of capillary permeability.
Lack of a relationship between expression levels of VEGF and VEGF-R1 suggests that VEGF has no major glomerular capillary permeability effect. The finding that in micro-and macro-albuminuric diabetic patients there is no correlation between AER and VEGF-R1 supports this idea.
In conclusion, this study has demonstrated that quantitative and qualitative changes in glomerular VEGF expression are present in type 2 diabetic patients with diabetic nephropathy. These findings, along with recent reports (39, 50, 52, 53) , suggest that VEGF 165 is important in maintaining the integrity of glomerular structure and that the isoform switch and/or the lowering of the level of VEGF 165 may be involved in the abnormal remodeling of the capillary tuft, extracellular matrix accumulation and thus in the pathogenesis of human diabetic glomerulopathy.
